Aiming at better understanding of the deformation mechanisms involved into plastic deformation of duplex stainless steels, acoustic emission (AE) measurements were performed during room temperature tensile deformation of model steels and alloys with different phase structure including single phase ¡ Fe30Cr and £ SUS316L steels and duplex ¡£ SUS329J4L, Fe24Cr6Ni alloys. The real time AE investigations were complemented by microscopic investigations of deformed microstructures. The quantitative AE analysis revealed different AE patterns which were correlated with underlying deformation mechanisms and microstructural transformations. The cluster analysis of AE power spectral densities has been proven effective in revealing specific groups of signals (clusters) which appear on different deformation stages in different steel variants, which can be correlated with involved source mechanisms of plastic deformation and microstructural processes including dislocation slip in either fcc or bcc lattice of £ or ¡ phase, respectively, twinning in the SUS 316L steel and £¡A martensitic transformation in the Fe24Cr6Ni model alloy.
Introduction
Stainless steels are favourable for many structural applications due to a superior combination of physical, chemical and mechanical properties they possess. A broad variety of steels, their microstructures and properties are largely determined by the stability and the stacking fault energy (SFE) of the austenite phase, which both depend on chemical composition, have a strong influence on the deformation behaviour and the correlated microstructural processes in high-alloyed stainless steels. When austenite stability is low, deformation is aided by the well-known TRIP (TRansformation Induced Plasticity) effect caused by martensitic £¡A transition. However, the onset stress, the time frame and the kinetics of these deformation processes, which are common for a wide range of steels, as well as interrelation between different mechanisms involved have not been studied experimentally to a sufficient depth. The in situ measurement of acoustic emission (AE) signals which arise during plastic deformation of materials offers a clue for the investigation of microstructural processes and their kinetics in real time scale and is therefore used as a primary tool in the present study.
AE in ¡-Iron 15) as well as in pure fcc metals such as copper, 68) aluminium 911) and their alloys 1214) has been investigated on many occasions. Numerous works is known with regard to AE in ordinary carbon steels.
1519) Plastic deformation of stainless steels received much less attention so far. To reduce the deficit of general knowledge of this kind and to get a deeper insight into deformation processes accompanied by AE in stainless steels ® both austenitic and duplex ® in the present work we employed several Fe-based alloys and commercial steels (SUS316L, SUS329J4L, Fe 30Cr, Fe24Cr6Ni) having different lattice structures and austenite stability. The SUS316L steel is a very popular low carbon austenitic stainless steel with a high stability of the fcc (£) phase exhibiting no phase transformation at normal conditions (e.g., at room temperature deformation and conventional modest strain rates). A binary Fe30Cr alloy is a typical representative of single phase ferrous alloys with bcc (¡) lattice structure. Two examples of steels with a dual phase ferritic-austenitic ¡+£ structure include the commercial SUS329J4L steel and the model ternary Fe24Cr6Ni alloy. The accent in the present work is placed on the kinetics of plastic deformation in these two steels while the two others have been chosen for the sake of comparison as reference single phase materials.
Experimental

Sample preparation
The SUS316L and SUS329J4L stainless steels manufactured by Yoshu Tanpan Sangyo Co. and Fe30Cr and Fe 24Cr6Ni alloys made by Nisshin Steel Co. were used in the present study. Their chemical compositions are shown in Table 1 . The conventional I-shaped samples were cut from 2 mm thickness plates by a wire spark erosion machine to have a gauge length of 10 mm and width of 5 mm. All samples received a heat treatment: dual phase SUS329J4L and Fe24Cr6Ni steels were quenched in water after annealing at 1050 and 500°C for 24 h, respectively. This heat treatment allowed us to obtain approximately 30% volume fraction of £ phase in both materials. The single phase SUS316L and Fe30Cr alloys were annealed at 500°C for 1 h to remove possible residual stresses in the as-received cold-worked material before testing. All specimens were mechanically polished mechanical testing.
Mechanical testing
The tensile tests were carried out at room temperature using an Instron 5900 screw-driven electro-mechanical frame having low mechanical noise level in the relevant frequency range. The tests were performed in a cross-head displacement control mode at a nominal strain rate of 1 © 10 ¹3 s ¹1 at ambient temperature.
AE system and measurements
A differential wide band AE sensor 1045D by Fuji Ceramics (Japan) was securely mounted on the shoulder part of the specimen using a rubber band and machine oil as an acoustic coupler. This sensor has a reasonably good performance in a frequency range between 200 and 1300 kHz and a peak sensitivity around 200400 kHz. The signals from the sensor were amplified by a low-noise PAC 2/4/6 pre-amplifier and then passed through a 501200 kHz band-pass filter FA01 (Microsensors-AE, Russia). AE acquisition was performed using a home-made system described. 6, 20) The AE waveforms crossing a threshold preset at 23 dB above the background noise level were recorded by a 12 dB ADC operated in a pre-triggering mode at 6.25 MHz sampling rate for accurate waveform recording. Every AE realization consisted of 16 k readings (of 2.6 ms).
Microscopic observations
The in situ AE measurements were paired by "post mortem" SEM investigations of deformed microstructures. The observations of surface topography and microstructure were carried out after different stages of deformation using a field emission gun scanning electron microscope (SEM) JEOL JSM-6500F equipped with electron channelling contrast imaging (ECCI) and electron back scattering diffraction (EBSD) detectors and operated in different modes, respectively. For microscopic observations the specimens were electrolytically polished to a mirror like finish to remove any topological features of the deformation-induced relief. Electrolytic polishing has been performed in perchloric acid : acetic acid = 1 : 9 solution in a thermally stabilized bath under conditions listed in Table 2 . For identification of complex deformation mechanisms operated in the SUS316L steel the transmission electron microscope JEOL JEM-2100 operated at 200 kV was used. Thin foils for TEM were cut from the gauge part of the specimens tested to fracture. The prepared slices were first mechanically ground to about 70 µm thick. Finally they were thinned by twin jet electrolytic polishing with the same solution as above at 18 V using a Tenupol-5 at 288291 K.
AE signal processing
Data processing was performed using original software developed in MATLAB· environment. A power spectral density (PSD) function was calculated using a Welch technique for each AE record of 8192 readings with 4096 points overlapping. Two parameters ® the AE "energy" per realization (referred to 1 Ohm nominal impedance) was obtained as
GðfÞdf and the median frequency f m of the PSD function was computed from the definition
GðfÞdf. More details of AE spectral analysis have been reported elsewhere. 20) Based on a large body of theoretical considerations the consensus exists in the scientific community that different sources produce AE signals with different waveforms and, therefore, with different PSDs.
2124) The distinction between different waveforms is feasible by means of various clustering techniques, which can be performed, in principle, in either time or frequency domain. The latter is however favourable whenever information regarding the phase of incoming event is of no concern. The so-called partitional clustering attempts to decompose a data set into several disjoint clusters with distinguishable patterns in selected coordinates. Most commonly, the clustering schemes involve minimizing some measure of dissimilarity in the samples within each cluster, while maximizing the dissimilarity of different clusters as a criterion. In application to AE, several clustering procedures have been devised, e.g., Refs. 7, 2530) in attempts to group the signals originating from the same source and to separate that group from others using primarily conventional hieratical clustering procedures such as k-means, which has gained its popularity due to simplicity and computational efficiency. The partitioning algorithms have been proved potent and valuable to characterize AE sources by comparing shapes their normalized PSDsGðfÞ ¼ GðfÞ= R 1 0 GðfÞdf obeying the condition R 1 0G ðfÞdf ¼ 1 and representing probability density functions for the independent variable f.
7)
A new robust clustering algorithm based on a known sequential k-means 31) has been proposed recently by Pomponi and Vinogradov 32, 33) for AE signal classification in real time. The procedure relies on detailed evaluation of a background noise, which is not avoidable in AE practice. Mathematical details of the classifier are discussed in the above mentioned papers. We shall just outline the most important features of the proposed method, which are:
(i) The number of clusters to be derived from a dataset is not specified a-priori but is data driven. (ii) The process is non-iterative, real-time i.e., the signals are associated with a certain cluster sequentially as they arrive one after another. In the present work, an attempt has been made to separate the roles of mechanisms controlling plastic flow of selected 32, 33) Since clustering is the process of grouping of similar objects, some sort of measure that determines whether two objects are similar or dissimilar is required. In the present work we employed a correlation distance d CR 34) as a statistical measure of similarity/ dissimilarity between pairs of normalized spectra represented by two vectorsG i andG j defined as:
Using the chosen distance, the algorithm assumes calculation of the mean distance D between all class members Dðy i ; y j Þ and its standard deviation · yy . Then, the measure R of the intra-cluster distance is introduced as R ¼ D þ ¡· yy with ¡ the numeric coefficient between 0 and 3. The inter-cluster distance is defined in a similar way as a measure of separation between the cluster centroids (see Refs. 32, 33) for details).
Results
The grain size and the approximate volume fraction of ¡ and £ phase determined by EBSD in all specimens is shown in Table 1 . Figure 1 compares the stressstrain curves for the materials under investigation. Evidently, the single phase alloys ® £ SUS316L and ¡ Fe30Cr ® exhibit lower strength but higher ductility promoted by progressive hardening. Following the common strengthening trends, the samples with a dual phase structure show an excellent combination of high strength and ductility. The differences in the hardening behaviour can be recognised from the stressstrain diagrams shown in Fig. 1 .
Results of the AE analysis are presented in Fig. 2 where the AE energy and median frequency are plotted as functions of deformation time. Commonly to the AE behaviour in pure fcc and bcc metals and their alloys the AE level increases notably around the yield stress and then reduces as deformation proceeds. However, the details of this behaviour are notably different in different samples. In the ¡ Fe30Cr bcc model alloy the AE is indeed pronounced around the yield stress and then it reduces sharply (almost diminishes) as deformation proceeds until intensive strain localisation and microcracking occurs in the neck. To the contrast, in £ SUS 316L and duplex SUS 329J4L steel the AE commences almost with the onset of loading and extends through the 
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Median frequency whole deformation time. Similarly to these two steels, the model duplex Fe24Cr6Ni alloy exhibits a low level AE almost immediately after the beginning of loading and a relatively high AE level after yielding. The median frequency shows a trend to increase on average during plastic straining of Fe30Cr and SUS 329J4L steels. The f m scattering is pronounced in the SUS 316L steel without appreciable change during deformation while in the Fe24Cr6Ni alloy one can notice widely scattered AE after 100 s deformation including the appearance of high frequency signals. Based on these qualitative observations it is however difficult to draw definite conclusions concerning the underlying mechanisms regardless of the visible differences in the behaviour of AE parameters.
The quantitative cluster analysis of AE spectral densities reveals that specific groups of signals (termed clusters) appear on different deformation stages in different alloys and steels, which can be correlated with involved source mechanisms of plastic deformation. These potentially involved mechanisms can be envisioned from the materials chemical compositions and phase diagrams. These mechanisms include provisionally (i) dislocation slip in either fcc or bcc lattice corresponding to £ or ¡ phase, (ii) twinning which can be expected in the low SFE yet micro-structurally stable SUS 316L steel and (iii) £¡A martensitic transformation which is typical of ternary FeCrNi alloys with low Ni content. To recognise the contribution of different mechanisms which might be involved in deformation of different steels and to clarify the details of the interaction between them, the AE signal classification described in the Experimental section has been performed with respect to the PSD function shape. The non supervised clustering suggests that for all specimens the AE signals fall naturally into groups with considerably different shapes of their spectra as shown in Fig. 3 . We should remind that the clustering scheme which we used did not stipulate the number of clusters to be extracted from a dataset. Hence, Fig. 3 represents effectively the average power spectra for each specific AE source creating specific AE clusters during the test.
Cluster 1 having a broad band noise-like spectrum appears to be quite similar in all samples, Fig. 3 . Signals having this type spectrum are featured by very low amplitude AE and are associated with a background electric noise, which is acquired prior to the test and can be also sporadically recorded during the test owing to a low threshold value used in the present experiments. Hence, Cluster 1 has nothing to do with actual deformation mechanisms. Therefore, it is essential to identify these signals correctly. After clustering, this kind of "false" AE signals is easily removed from further processing and consideration.
One can notice that while only one cluster of "true" AE is different from the noise in the single phase Fe30Cr alloy, Fig. 3(a) , the other materials exhibit some variability in the AE response resulting at least in two clusters apart from the noise. Although the PSD functions corresponding to different clusters bear some similarity in the frequency distribution, the specific features of each cluster can be easily identified. For instance, the fundamental frequency f c corresponding to the global maximum of the PSD function of Cluster 2 in the Fe30Cr alloy is about 250 kHz, Fig. 3(a) , while in the SUS 316L steel Cluster 2 peaks at about 215 kHz and Cluster 3 at 550 kHz, respectively. The f c values are summarised in Table 3 together with cluster associations which will be arguably considered below. Once the signals have been associated with a certain cluster, the evolution of respective cluster members can be easily reconstructed as shown in Fig. 4 in terms of the cumulative AE energy emitted by a given source mechanism.
In all diagrams shown in Fig. 4 , the AE sources demonstrate the S-type kinetics with a trend to saturation at the sufficiently large strain (or deformation time). Understanding the kinetics of different sources helps to identify them most simply and evidently. The identification of AE mechanisms will be argued in the next section based on the correlation between the behaviour of the AE clusters and observations of the major deformation modes, using optical, scanning electron and transmission electron microscopy.
Discussion
In what follows we shall demonstrate that different clusters of AE signals corresponding to prevailing deformation mechanisms correlate nicely with the microstructure and topological features of deformed surface, Figs. 57. This helps to associate the observed AE features with certain sources clearly. The AE in Fe30Cr as well as Clusters 2 in all other materials are composed of relatively low frequency signals as is typically observed for the noise-line continuous AE due to dislocation motion in pure fcc and bcc metals. Since in the Fe30Cr alloy, the only one type source is activated, it is definitely associated with dislocation glide in the ¡ phase. Figure 5 (e) illustrates typical slip lines in this specimen. The AE cluster analysis shows that in the SUS 316L steel two sources with substantially different spectral features operate nearly simultaneously. Both are commenced almost immediately after the beginning of loading, although one can notice that the signals from the low frequency Cluster 2 appeared at slightly smaller stress (time) than the signals from the high frequency Cluster 3. The low frequency Cluster 2 should be associated with the planar dislocation slip in the fcc £ phase ® the main deformation mechanism in this type steel with low SFE. The slip pattern in this type steel is seen in the optical image, Fig. 5(d) . One can notice very fine slip lines in some grains (e.g., on the left hand side of the micrograph) as well as rather coarse slip patter in the others (e.g., in the centre of Fig. 5(d) ). One can speculate that these different morphological features are related to different underlying mechanisms such as dislocation slip and twinning. However, the optical microscopy does not allow to recognize these mechanisms with enough confidence. There- fore, further microstructure-based argumentation in favour of these two deformation modes will be provided below. Cluster 2 in the SUS 329J4L steel having similar spectral features to those in Cluster 2 of the SUS 316L steel, is identified on the kinetic curves, Fig. 4(c) , as soon as deformation starts. Cluster 3 comes into force at a considerably higher stress. In the present steel we can reasonably expect that dislocation slip in two phases also occurs at different stresses ® the softer £ phase yields first and then the harder ¡ phase deforms at higher stresses as is actually shown in Figs. 5(a)5(c). Thus, Cluster 2 should be associated with dislocation motion in the softer fcc £ phase, while Cluster 3 is formed by signals emitted by dislocation activity in the bcc ¡ phase. It is also instructive to notice the similarity between spectral shapes of Cluster 3 in the SUS 329J4L steel and Cluster 2 in the Fe30Cr alloy. Of course, we should bear in mind that although the AE mechanisms can be generically the same, they do not necessarily lead to exactly the same centroids, Fig. 3, i. e., the same shapes of mean PSDs, because of different metallurgical features of the respective phases in different alloys. The important question is why AE in the bcc ¡ phase has higher frequency components than that in the £ phase requires a dedicated investigation which is beyond the scope of the present communication. This issue will be addressed elsewhere in forthcoming publications highlighting substantially different dislocation dynamics in fcc and bcc lattices.
Clusters 3 in the SUS316L steel and Fe24Cr6Ni alloy exhibiting high frequency peaks ( f c = 550 and 590 kHz, respectively) in their PSD distributions deserve special discussion. First of all we should notice that PSD shapes are evidently quite different for both these materials. This suggests that although it is reasonable to expect that certain quick stress relaxation processes can give rise to high frequency spectra in both alloys, the nature of the underlying accommodation mechanisms is different. Wu et al. 35) have performed the detailed EBSD analysis of the conventionally deformed SUS 316L stainless steel. They found that mechanical twinning is readily activated in this low SFE steel at room temperature leading to formation of the brasstype texture. Using a variety of microscopic techniques, including optical, SEM and TEM, Song et al. 36) have shown that the solution treated 316L steel exhibits a pronounced work hardening stage promoted by mechanical twinning. Ueno et al. 37) have observed a very intensive twinning during equal-channel angular pressing of this type steel, resulting in substantial grain refinement and formation of a nanostructure. In the present work, the colonies of mechanical twins in the SUS 316L steel were observed occasionally here and there within the gauge part of the deformed specimen with an aid of TEM as illustrated in bright and dark filed images shown in Fig. 6 . These observations evidently support the results of the cluster analysis of AE time series represented in the previous section. Indeed, twinning is a fast dynamic process which generates a powerful burst AE. Besides, while the continuous AE, which is associated with strain hardening due to dislocation storage in metals, tends to diminish with strain, mechanical twinning is supposed to generate AE bursts over a wide range of strain until fracture as has been observed, for example, in early studies on Cu 9%Ge alloy. 7) A similar pattern of AE bursts emerging through the entire deformation is evidently observed in the SUS 316L samples, Fig. 2 . Backed by the TEM observations, it is plausible to associate the high amplitude burst type AE, which has high frequency spectra and which forms Cluster 3, with mechanical twinning.
Considering the particular AE behaviour in the Fe24Cr 6Ni alloy, it is timely to recall a common observation that Fe CrNi alloys with low SFE and unstable austenitic phase are prone to strain induced martensitic transformation which is widely observed and used in modern TRIP steels to gain extra ductility as well as strength. The phase transformation in the FeCrNi system is a very complicated subject that has been the object of many investigations. The most relevant to the present study is a recent work 38) where the AE investigations are paired with the mechanical behaviour and microstructural characterisation of phase transformations in the model Fe CrMnNi TRIP/TWIP type steels with different content of Ni between 9 and 3 mass%. The martensitic £¡A transformation is a shear transformation that is usually driven by the stacking-fault energy of the alloy. AE is readily generated by diffusionless shear-like martensitic transitions which occur at very high velocities assumed often to be close to the velocity of sound, 39) which is a necessary pre-requisite for successful AE detection. 40) Using coupled microscopy and AE, Baram and Rosen 41) and Takashima et al. 42) showed experimentally that AE bursts arise when martensite plates Fig. 2(d) ).
move in a jerky manner. Detailed analysis of possible AE sources in austenitic stainless steels during martensitic phase transformation was given by Takashima et al. 42, 43) During the £¡ transformation, significant volume dilation occurs in association with the so-called Bain strain. During the £¾ transformation, a small decrease in volume occurs, which is however substantially smaller than dilation during the £¡ transformation. There is also a large net shear strain along the transformation band. However, several variants of martensite can form at the same time in the same transformation band. The net strains during the formation of a martensite band are thus created by volume dilation for £¡, and by small £¾ shear strain. Both of these, together with dislocations generated by local yielding, may give rise to AE. Importantly is that all these mechanisms are different enough to generate potentially different waveforms. Distinguishing between these underlying mechanisms of AE is a challenging task which has not been accomplished in the present work, i.e., we do not distinguish between the intermediate ¾ and final ¡A transformation which might be possible with a different experimental setup allowing for continuous-like acquisition of AE data without a threshold.
Assuming that a martensitic band is propagated through a single grain with the shear velocity and then arrested, different authors estimate the transformation velocity ranging from 1 © 10 2 to 3.5 © 10 3 m/s, depending on the material. 42, 44) Hence, the process is fast enough to generate high frequency AE which can be plausibly associated with Cluster 3 in the Fe24Cr6Ni alloy. Figure 7 combines the SEM images and EBSD phase maps obtained at different stresses. Since it is hardly possible to distinguish between the initial ¡ phase and the stress-induced ¡A phase by means of EBSD, the only qualitative agreement with the above considerations can be given in support of the possible martensitic transformation in the alloy under investigation. One can see that with increasing stress the intensive deformation bands, Fig. 6(c) , form in the £ phase, which is on one hand is in good agreement with the AE cluster analysis suggesting that Cluster 2 is caused by dislocation slip in the fcc phase and on the other hand is known as a necessary prerequisite for the nucleation of the martensitic phase. The latter can be the reason for observed morphological changes in the phase maps observed in Fig. 6(d) in the marked areas.
Conclusion
The quantitative cluster analysis of AE power spectral densities has been proven effective in disclosing specific groups of signals (clusters) which appear on different deformation stages in different steel variants, which can be correlated with involved source mechanisms of complicated plastic deformation and microstructural processes including dislocation slip in either fcc or bcc lattice of £ or ¡ phase, respectively (single phase Fe30Cr, SUS316L or duplex SUS 329J4L steel), twinning (SUS 316L) and £¡A martensitic transformation (Fe26Cr4Ni). 
